Endothelial progenitor cells (EPC) may participate in the repair of injured coronary endothelium. We have recently identified EPC co-expressing the osteoblastic marker osteocalcin [OCN (+) EPC] and found that their numbers are increased in patients with early and late coronary atherosclerosis. The current study was designed to test the hypothesis that early coronary atherosclerosis is associated with the retention of osteogenic EPC within the coronary circulation.
Introduction
Accumulating evidence suggests that circulating bone marrowderived cells may play a role not only in the repair and regeneration of injured endothelium 1, 2 but also in the pathogenesis of atherosclerotic lesion formation. 3 After Asahara et al. 1 showed that peripherally administered human umbilical cord CD34+ endothelial progenitor cells (EPC) contributed to angiogenesis in mouse and rabbit models of hind limb ischaemia, Sata et al. 3 demonstrated in mouse models of hyperlipidaemia and iatrogenic endothelial injury that bone marrow derived cells contributed to atherosclerotic lesion formation.
Cytokines like the stromal cell-derived factor-1 alpha (SDF-1) and interleukin-8 (IL-8) likely facilitate the homing of circulating EPC into the injured endothelium. Indeed, SDF-1 has been shown to induce neovascularization by recruiting EPC into ischaemic tissues through increased SDF1-alpha/CXCR4 coupling. 4, 5 In addition, the inflammatory cytokine IL-8 has been found to be a chemoattractant for EPC in ischaemic tissue. 6 Endothelial dysfunction (ED) is regarded as an early stage of atherosclerosis and has been found to be a strong, independent predictor of cardiovascular events. 7 The endothelium, especially in early atherosclerosis, undergoes a constant process of injury and repair in order to maintain normal vascular function and structure. 8 We have recently identified a subgroup of bone marrow derived, circulating EPC with an osteogenic phenotype (co-staining in flow cytometry for the osteoblast marker osteocalcin [OCN, OCN (+) EPC]). 9 We found that patients with coronary ED have significantly higher numbers of circulating OCN (+) EPC compared with patients with normal endothelial function. 9 In additional cell culture experiments we showed that circulating progenitor cells from patients with high OCN co-staining of EPC were capable of forming mineralized deposits. 9 Moreover, using spectral analysis of intravascular ultrasound (IVUS) radiofrequency data, we have recently demonstrated that coronary artery segments with ED are not only characterized by features of plaque vulnerability but also more extensive coronary calcification. 10 Thus, the current study was designed to test the hypothesis that-in contrast to controls-patients with coronary ED retain osteogenic, OCN (+) EPC within the coronary circulation facilitated by the release of SDF-1 and IL-8. The retention of osteogenic EPC for endothelial repair may lead to the induction and progression of coronary calcification rather than normal repair. In order to address this hypothesis we obtained simultaneous blood samples from the ostium of the left coronary artery and the coronary sinus, determined trans-cardiac EPC, SDF-1, and IL-8 gradients and calculated net gradients by multiplication with invasively measured coronary blood flow (CBF).
Methods

Study subjects
The study was approved by the Institutional Review Board of Mayo Foundation and all study subjects provided written, informed consent. A total of 31 patients undergoing coronary angiography and coronary endothelial function testing for clinical purposes (referred to the catheterization laboratory for recurrent angina with or without a positive stress test) who met the criteria outlined below for inclusion into the two study groups were recruited. Patients with acute coronary syndromes (unstable angina or acute myocardial infarction), heart failure (ejection fraction ,50%), or severe renal or liver disease were excluded. None of the subjects had a clinical diagnosis of Paget's disease or a fracture within the past 5 years. The Framingham risk score was calculated as previously described. 11 The two groups were defined as follows: controls, patients without significant structural coronary lesions on angiography (,30% stenosis) and normal endothelial function, as assessed by intra-coronary acetylcholine challenge (see below), n ¼ 17; and patients with ED, defined by the absence of significant structural coronary lesions on angiography but with abnormal endothelial function, n ¼ 14. We assessed both epicardial and microvascular endothelial function, however, for the clinical diagnosis of ED and inclusion into the study, patients had to have epicardial ED. All but 3 of the 14 patients in the ED group had both epicardial as well as microvascular ED.
Coronary angiography and invasive endothelial function testing
Patients underwent a diagnostic coronary angiography using standard clinical protocols. Patients who met the inclusion criteria were studies and a 5 F multipurpose Amplatz left catheter was placed into the coronary sinus under radiographic guidance via a 7 F femoral vein access. The correct position of the catheter within the coronary sinus was verified by pressure transduction, contrast injection, and oxygen saturation. 12, 13 Simultaneous arterial blood (20 mL) was drawn from the left coronary and the coronary sinus catheter for flow cytometry and biochemical analyses. 12, 13 All subjects underwent assessment of endothelium-dependent coronary vasoreactivity, as previously described. 14, 15 In brief, 5000 units of heparin were given intravenously and a Doppler guidewire (Flowire, Volcano Inc.) within a coronary-infusion catheter (Ultrafuse, SciMed Life System) was positioned into the mid-portion of the left anterior descending coronary artery. Acetylcholine at increasing concentrations (10 26 to 10 24 ) was infused into the left anterior descending coronary artery to assess endothelium-dependent vasoreactivity. Haemodynamic data, Doppler measurements, and a coronary angiogram were obtained after each infusion. Coronary artery diameter was measured by an independent investigator in the segment 5 mm distal to the tip of the Doppler wire using a computer-based image analysis system. Average peak velocity (APV) was derived from the Doppler flow velocity spectra and CBF was determined as p(coronary artery diameter/2)2 × (APV/2). As previously described, microvascular ED was defined as an increase in CBF of ,50% and epicardial ED was defined as a decrease in epicardial coronary artery diameter of more than 20% in response to the maximal dose of acetylcholine (10 24 M). 16 Endothelium-independent microvascular function was determined by the coronary flow reserve (CFR), which is the ratio of the APV at maximal hyperaemia [induced by intracoronary adenosine (24-60 mg)] to the APV at baseline. 9 
Flow cytometry
Peripheral blood mononuclear cells were isolated from fresh blood samples using a Ficoll density gradient and immunofluorescent cell staining was performed using the following fluorescent conjugated antibodies: CD34-PerCP Cy 5.5 (Beckton-Dickinson), CD133-phycoerythrin (PE) (Miltenyi Biotec GmbH) and kinase insert domain receptor KDR-APC (R&D Systems) and the appropriate isotype controls. In addition, OCN+ cells were identified using an anti-human OCN antibody (Santa Cruz Biotechnology) and a fluorescein isothiocyanate secondary antibody (Jackson ImmunoResearch), as previously described. 17, 18 Cell fluorescence was measured immediately after staining (Becton Dickinson, FACS Calibur) and data were analysed using CellQuest software (Becton Dickinson). A total of 150 000 events were counted and final data were obtained within the lymphocyte gate. The person doing the cell analysis was not aware of the results of the patient classification. We determined the intra-assay coefficient of variation (CV, i.e. a patient's blood sample was analysed twice on the same day using the methods described above) for different subsets of EPC in 12 patients. The CVs for CD34+, CD34+/KDR+, CD34+/CD1332/KDR+, and CD34+/CD1332/KDR+/OC+ cells were 13, 19, 30, and 30%, respectively.
Determination of endothelial progenitor cells net gradient
Endothelial progenitor cells absolute counts (per 100 000 cell counts) were determined in the aortic and coronary sinus sample of each study patient. The trans-cardiac gradient was determined by subtracting the aortic EPC number from that of the coronary sinus.
12, 13 The net gradient of EPC was calculated by multiplying the trans-cardiac gradient with the CBF as determined by intracoronary Doppler. 19 A negative net gradient indicated retention, a positive net gradient release of EPC from the coronary circulation.
Net production of stromal cell-derived factor-1 alpha and interleukin-8
A custom cytokine Quantibody Array (RayBiotech, Inc., Norcross, GA, USA) consisted of a glass slide that has been spotted with 16 arrays of specific antibodies. A standard curve and samples were assayed in each well simultaneously through a method similar to a sandwich ELISA. After antibody incubations and washes the fluorescent signals were detected using the Axon GenePix laser scanner (Toronto, Canada). The generated signals of the samples were compared with the signals of the standard curves for each of the cytokines and the data were then analysed using the RayBio Q Analyser software. Net production of SDF-1 alpha and IL-8 was calculated by multiplying their trans-cardiac gradients with CBF.
Biochemical assays
Serum lipids were measured using enzymatic colorimetry and LDL cholesterol calculated from these parameters. Haemoglobin A1c was measured using ion-exchange high performance chromatography (BIO-RAD Variant II Turbo Hemoglobin A1c program, Hercules, CA, USA). Free insulin levels were measured by an automated chemiluminescent immunoenzymatic assay (ACCESS, Beckman-Coulter Inc., Fullerton, CA, USA). High sensitivity C-reactive protein (hs-CRP) levels were measured using a latex particle-enhanced immunoturbidemetric assay on a Hitachi 912 automated analyser. Serum creatinine was measured and glomerular filtration rate (GFR) was estimated as described before. 9 
Statistical analyses
Pre-specified comparisons between the ED and control subjects were made using the Mann-Whitney U test for continuous variables (SPSS, 18.0). Dichotomous variables were compared using Fisher's exact test.
Because some of the data are not normally distributed, they are presented as median [interquartile (25th to 75th percentile) range]. Spearman correlations were used to describe relationships between the OCN (+) EPC net gradients with % changes in coronary diameter to 10 24 mol/L acetylcholine, % changes in CBF to 10 24 mol/L acetylcholine, and length of the dysfunctional coronary artery segment. Any P-values of ,0.05 were considered statistically significant.
Results
Patient characteristics
The relevant clinical and biochemical data as well as the detailed cardiac catheterization data in the study subjects are shown in Tables 
Flow cytometry
In preliminary experiments, we determined that the vast majority of the CD34+/KDR+ cells were in the small lymphocyte gate, as has also been noted by other investigators.
20,21
Total numbers of circulating osteocalcin (2) Net production of stromal cell-derived factor-1 alpha and interleukin-8
Interleukin-8 net production was significantly higher in patients with ED (n ¼ 9) compared with controls [n ¼ 13, controls: 23428.50 (211225.00, 647.48) vs. ED: 1540.80 (2300.40, 21744.10) pg/mL, P ¼ 0.025]. Net production of SDF-1 alpha was higher in patients with ED compared with controls without reaching statistical significance [controls: 0.00 (2207 980.00, 281 530.00) vs. ED: 12195.60 (0.00, 1 339 100.00) pg/mL, P ¼ 0.281].
Discussion
The current study demonstrates for the first time that patients with early coronary artery disease (angiographically normal coronary arteries but ED) retain circulating EPC with an osteoblastic phenotype [OCN (+) EPC] within the coronary circulation.
In contrast, subjects with normal endothelial function have lower numbers of circulating OCN (+) EPC and do not retain them within the coronary circulation.
Thus, we expand the findings of our recent studies in which we identified OCN (+) EPC and demonstrated that patients with severe obstructive or early coronary atherosclerosis show significantly higher percentages of EPC co-expressing OCN compared with patients with normal coronaries and normal endothelial function. 9 Speculatively, patients with ED not only have higher numbers of circulating OCN (+) EPC but may also use these cells for endothelial regeneration, which in turn may actually induce coronary artery calcification rather than normal repair. The role of osteogenic EPC in the process of vascular injury and repair is underscored by the shown correlation between OCN (+) EPC retention and the degree of ED at the epicardial and microcirculatory levels and emphasizes the diffuse nature of ED and the extension of the process into the microcirculatory level.
One can speculate that patients with early coronary artery disease have an intrinsic pro-inflammatory and oxidative stress state, which leads to recurrent endothelial injury and an increased osteogenic phenotyping of circulating EPC. This is supported by recent studies demonstrating a net production of inflammatory and oxidative factors across the coronary circulation in patients with ED. 9, 10 The number of EPC and EPC -OCN released from the bone marrow is likely higher than the number of cells retained within the coronary circulation, leading to an overall higher number of circulating EPC and EPC -OCN in patients with ED compared with controls. Using spectral analysis of IVUS radiofrequency data our group recently demonstrated that patients with coronary ED show significantly more calcification in coronary artery segments with endothelial dysfunctional compared with adjacent segments with normal endothelial function. 10 Thus, the retention of osteogenic EPC in these patients may lead to initiation as well as progression of coronary artery calcification rather than normal repair. This proposed mechanism may also account for the conflicting results showing EPC contribute to endothelial regeneration and neo-angiogenesis 1, 22, 23 on the one hand but also to atherosclerotic lesion progression with calcification on the other hand. 24, 25 Similar to the findings in OCN (+) EPC, patients with early coronary atherosclerosis showed higher numbers as well as retention of circulating (CD34+/CD1332/KDR+) EPC in general. These data suggest that, in contrast to patients with normal endothelial function, patients with ED retain EPC within their coronary circulation likely intended for the repair of the injured coronary endothelium. We speculated that an increased release of homing factors (like IL-8 and SDF-1 alpha) that preferentially facilitate homing of osteogenic, OCN (+) EPC may, however, lead to coronary calcification rather than normal endothelial repair.
Stromal cell-derived factor-1 alpha has been shown to induce neovascularization through recruitment of EPC into ischaemic tissue by virtue of SDF-1 alpha/CXCR4 coupling. 4, 5 We have recently demonstrated that CD34+/KDR+/OCN+ EPC more frequently co-express the homing factor receptor CXCR4 than OCN-EPC. 26 Owing to this strong association between OCN and CXCR4 expression, increased SDF-1 alpha release, therefore, likely facilitates homing of OCN (+) EPC rather than non-OCN EPC. In the current study, the net production of SDF-1 alpha was indeed higher in patients with ED than in controls. In addition, the net production of IL-8, an inflammatory cytokine that has been found to be a chemoattractant for EPC in ischaemic tissue, 6 was also higher in patients with ED than in controls. Thus, the present findings corroborate and expand previous observations from patients with myocardial ischaemia showing that also in patients with ED, cardiac SDF-1 alpha and IL-8 release likely facilitate abnormal repair of injured endothelium. Whereas a negative net gradient indicates retention of EPC within the coronary circulation, interpretation of a positive net gradient may be more complex. One potential reason for a positive net gradient of EPC may be a pool or reservoir of resident EPC within the vascular wall. Indeed, Bearzi et al. 27 demonstrated recently that EPC are nested in vascular niches throughout the human coronary circulation, corroborating similar studies by Hu et al. 28 and Rodriguez-Menocal et al. 29 in rodent endothelial injury models. They showed furthermore that these resident EPC differentiate predominantly into endothelial and smooth muscle cells. Likely, EPC from these vascular niches as well as bone marrow-derived EPC participate in endothelial regeneration and atherosclerotic lesion progression. 3,28 -30 In addition, a potential delay/slow-down of the migration of circulating, bone marrow derived EPC through the dense network of vasa vasorum within the vascular vessel wall may also contribute to a positive net gradient: 31 after entry, the time to release of EPC from the vascular wall into either the main coronary lumen or into draining venous vasa vasorum 31 may be conceivably delayed and result in a positive net gradient simply by virtue of an additive effect.
Limitations
Our study design does not allow demonstration of the actual implantation of EPC into the coronary circulation or the mechanism by which patients with ED retain OCN (2/+) EPC. We did not perform IVUS or coronary calcium scoring and, hence, are unable to comment on coronary artery calcification in the present study population. In addition, we were, thus, not able to classify the patients according to IVUS assessment of the degree of coronary atherosclerosis.
Conclusion
The current study is the first to evaluate dynamics of EPC across the coronary circulation and demonstrates that patients with early atherosclerosis show retention of EPC with osteogenic properties. Increased numbers of circulating OCN (+) EPC, their retention and preferential homing within the coronary circulation of patients with ED may lead to abnormal vascular repair, initiation and progression of coronary artery disease and calcification. Future studies examining whether EPC phenotyping and/or EPC homing can be altered by medical interventions and, thereby, the atherosclerotic process be prevented or delayed need to be undertaken.
